Two causes of forgetting have been promulgated: memory trace decay and retroactive interference. The authors show that forgetting is an active process requiring both new learning and memory. In the present Lymnaea model system, prevention of new learning of a conflicting association, inhibition of memory consolidation, or Right Pedal Dorsal 1 soma ablation, which blocks LTM formation, are all potent means to prevent forgetting. Thus procedures that alter the ability to learn or form memory of a new conflicting aerial respiratory association prevent forgetting of a learned associative behavior. These results are the 1st demonstration in any model system that forgetting requires the soma of a single neuron.
Nonpathologic memory loss, especially as human beings age, highlights the need for a better mechanistic understanding of forgetting. Historically, there have been two dominant theories of forgetting: (a) It is caused by a decay of the memory trace (Gates, 1930 ; e.g., the deterioration of the molecular underpinnings of the trace due to natural metabolic processes), or (b) it is produced by interference from conflicting associations (e.g., retroactive interference [RI] ; i.e., learning and forming memory of something new; McGeoch, 1932) . Support for the RI hypothesis comes from experiments performed as long ago as 1924. The data obtained from experiments testing the RI hypothesis show that there is greater memory retention when the gap between learning and memory assessment is filled with nonlearning activity (i.e., no new learning and memory) than if it is filled with learning (Fenn, Nusbaum, & Margoliash, 2003; Jenkins & Dallenbach, 1924; Minami & Dallenbach, 1946; Walker, Brakefield, Hobson, & Stickgold, 2003; Wixted, 2004) . Here we seek to directly establish whether prevention of new learning and/or its consolidation into new long-term memory (LTM) formation thwarts forgetting in our Lymnaea model system. A confounding problem that often arises when studying the underlying neural causes of forgetting is whether the memory is still present but not accessible (i.e., not forgotten) at the time of testing (Wixted, 2004) . To circumvent this dilemma we study a form of memory, nondeclarative memory, in the snail Lymnaea (Lukowiak et al., 2003a) , which is stored within the same neural circuit that mediates the behavior (Dudai, 2004; Milner, Squire, & Kandel, 1998; Spencer, Syed, & Lukowiak, 1999) . Thus if the behavior can be elicited, access to the memory is assured.
This suggests that forgetting in our model system is due to the annihilation of the behavior.
Lymnaea are bimodal breathers (cutaneous and aerial), therefore it is possible, without causing them harm, to operantly condition them not to perform aerial respiration, while leaving cutaneous respiration unaffected. During conditioning, snails are negatively reinforced. That is, a tactile stimulus is applied to the pneumostome area (the respiratory orifice) as the snail attempts to open its pneumostome. This training results in snails learning not to perform aerial respiration. The two primary reasons we study aerial respiration are the following: (a) A three-neuron central pattern generator (CPG), whose sufficiency and necessity have been demonstrated, drives this behavior (Syed, Bulloch, & Lukowiak, 1990; Syed, Ridgway, Lukowiak, & Bulloch, 1992) ; and (b) the behavior exhibits associative learning and LTM. Thus, the changes in neural activity induced by operant conditioning and which are necessary for LTM formation occur and are stored within this CPG (McComb et al., 2002; Scheibenstock, Krygier, Haque, Syed, & Lukowiak, 2002; Spencer, Kasmi, Syed, & Lukowiak, 2002; Spencer et al., 1999) . LTM formation in Lymnaea, as in other organisms (McGaugh, 2000) , depends on de novo protein and RNA synthesis (Sangha, Scheibenstock, McComb, & Lukowiak, 2003) and requires the soma of Right Pedal Dorsal 1 (RPeD1; Scheibenstock et al., 2002) . Thus procedures, such as cooling or the application of specific transcription and translation blockers immediately after operant conditioning (i.e., during the consolidation period), prevent LTM formation. Moreover, the molecular processes necessary for LTM formation, memory reconsolidation (i.e., restabilization of the memory after it has been made active), and extinction of LTM have been directly shown to occur within one of these neurons, RPeD1 Sangha, Scheibenstock, McComb, & Lukowiak, 2003; Sangha, Scheibenstock, Morrow, & Lukowiak, 2003; Scheibenstock et al., 2002) .
A signature advantage of our Lymnaea preparation is our capability of removing (i.e., ablating) the somata of a single neuron, leaving behind a functional and intact neurite where local protein synthesis can occur Spencer et al., 2000) . Successful RPeD1 soma ablation prior to operant conditioning does not block aerial respiratory behavior, associative learning, intermediate-term memory (ITM) formation (persisting 3-4 hr and dependent only on de novo protein synthesis), but does prevent LTM formation . Because LTM formation requires both altered gene activity and new protein synthesis and since soma ablation removes the nucleus (and thus the genes) we concluded that RPeD1 is a necessary site for LTM formation.
As we understand it, the RI hypothesis states that new learning and its consolidation into memory results in conflicting associations that ultimately cause forgetting. Thus, the ideal experiments to show that RI is at the root of forgetting should confirm the following: (a) Blocking new learning prevents forgetting, or (b) preventing the consolidation of "new" learning into memory will also prevent forgetting. That is, if there is no new learning or no memory of the new learning RI is absent and thus forgetting will not occur. We propose to block the new learning that occurs between the last training session and the memory test (MT) session (e.g., spontaneous pneumostome openings without receiving the tactile reinforcing stimulus) by preventing the occurrence of aerial respiratory behavior and we propose to prevent the consolidation of this new learning into memory by using either reversible cooling or RPeD1 soma ablation. We argue that if forgetting is due to a decay process, the decay process should still occur whether we prevent new learning or prevent its consolidation into LTM.
Here, we show that forgetting of a specific long-term nondeclarative memory (suppression of aerial respiratory behavior) requires new learning and/or new LTM formation. Moreover to forget this associatively learned behavior the somata of RPeD1 must be present.
Method

Subjects
Lymnaea stagnalis (L) were bred in the snail facility at the University of Calgary. All snails used (2.5-3.0 cm) were maintained at room temperature (21-23°C) and had continuous access to lettuce in their home eumoxic (i.e., normal levels of O 2 ; 6 ml O 2 /L) aquaria.
Hypoxic Conditions
Individually labeled snails were placed in a 1-L beaker containing 500 ml of room temperature hypoxic (Ͻ0.1 ml O 2 /L) pond water. Hypoxic pond water was made by bubbling N 2 through it 20 min prior to and during training and testing. This is the "standard" hypoxic training procedure.
We also used a change-of-context testing procedure. To create the changed context (CC), N 2 was first bubbled through a 750-ml Erlenmeyer flask with blended carrots and water before being bubbled into the training beaker (Haney & Lukowiak, 2001 ).
Operant Conditioning
Snails can only perform aerial respiration when they are at the surface of the water. It is a stereotyped behavior that has been fully described elsewhere (Lukowiak, Ringseis, Spencer, Wildering, & Syed, 1996) , and it enables the lung to directly connect with the atmosphere via the pneumostome, the respiratory orifice. In all of the operant-conditioning training sessions and tests for savings (i.e., MT), a gentle tactile stimulus (a sharpened wooden applicator) was applied to the pneumostome area every time the snail began to open its pneumostome to perform aerial respiration. This tactile stimulus only evoked pneumostome closure; it did not cause the animal to withdraw its foot and mantle area (i.e., the whole-animal withdrawal response), or cause the snails to sink to the bottom of the beaker. The time of each attempted opening was recorded and tabulated.
Yoked Control Experiments
To show that the changes in behavior that result from operantconditioning training are due to associative processes, we performed yoked control experiments as previously described (Lukowiak, Adatia, Krygier, & Syed, 2000; Lukowiak et al., 1996; Spencer et al., 1999) . Yoked controls were used for the 30-min (see Table 1 ) training procedure. Briefly, yoked animals received a tactile stimulus to their pneumostome area whenever the animal to which they were yoked attempted to open its pneumostome. That is, there was not a contingency between the yoked animal opening its pneumostome and receiving the tactile stimulus.
Training Conditions
In all training, memory testing, and control experiments, the snails were first given a 10-min acclimatization period in which they could perform aerial respiration without receiving reinforcement. The onset of training was initiated by gently pushing the snails beneath the water surface. Between each training or testing session except in the 'submersion experiments' (see below), snails were placed in eumoxic pond water where they were allowed to freely perform aerial respiration. We did not monitor the snails' breathing behavior during the periods they were in their eumoxic home aquaria. The specific training procedure used here (two 45-min training sessions with a 1-hr interval between sessions; Figure 1 ) has been used previously resulting in associative learning and a transcription-and translation-dependent LTM that persists for 2 days Sangha, Scheibenstock, McComb, & Lukowiak, 2003; .
Submersion Experiments
In these experiments immediately following the last training session snails were placed in a eumoxic aquarium containing a plastic barrier. Note. Standard deviations appear in parentheses. There were no significant differences across sessions in either measurement for RPeD1-ablated (n ϭ 10) or LPeD1-ablated animals (n ϭ 7). Likewise there were no significant differences in the pre-vs. post measurements for submersion below a barrier and cooling. RPeD1 ϭ Right Pedal Dorsal1; LPeD1 ϭ Left Pedal Dorsal 1.
Snails were placed beneath the barrier and the barrier prevented them from reaching the water's surface and performing aerial respiration. Control snails were maintained above the barrier in the same aquarium and could perform aerial respiration ad libitum. The barrier had small holes in it, so that air bubbles could not accumulate on its undersurface. Atmospheric air, to create eumoxia, was continuously bubbled while the snails were maintained under the barrier. Snails had continuous access to food (lettuce) during the intervals between training and testing. Snails placed beneath the barrier were never observed to escape or to perform aerial respiratory behavior. Seven days after training, the submerged snails were given a MT. Previously it was demonstrated that breathing behavior was not adversely affected by keeping snails under the barrier. That is, when the total breathing time of snails given a hypoxic challenge was compared before and after prolonged submersion in eumoxic pond water there was no significant difference in breathing behavior between the two.
Cooling Procedure
An aquarium filled with eumoxic pond water was maintained at 4°C and served as the cooling apparatus. Snails were kept in the cooling apparatus for 7 days. Afterward, snails were removed from the cooling apparatus and immediately placed in room temperature (23°C) eumoxic water until time of testing (within 1 hr).
Soma Ablation
The ablation procedure was performed in the same manner as before Sangha, Scheibenstock, Morrow, & Lukowiak, 2003; Scheibenstock et al., 2002) . Snails were anesthetized with 1-3 ml of 50 mM MgCl 2 injected through the foot, paralyzing the snail, allowing a dorsal midline incision to be made that exposed the animal's brain. With a fine glass hand-held microelectrode, RPeD1 soma was ablated by gently "poking" it. In control experiments, the Left Pedal Dorsal 1 (LPeD1), which is similar in size to RPeD1 but which does not play a role in aerial respiratory behavior, was ablated. The incision was small enough to allow the animal to heal without suturing. Animals began to wake from the effects of the anesthetic within several hours of the surgery.
To ensure that the proper cell's soma had indeed been ablated, a trained individual who was unfamiliar with the experiments attempted to visualize the cells that were ablated under the microscope at the conclusion of the experiment. In all cases, the cell that had been ablated could not be found. It was never the case that the soma was not ablated by this procedure. Occasionally, however, we killed RPeD1 (less than 1% of snails operated on) rather than just ablating the soma. In those cases, snails were unable to perform aerial respiratory behavior when tested 2 days later and were not used in these experiments .
Breathing Behavior Observations
Naïve snails were placed in a 1-L beaker filled with 500 ml of water made hypoxic by bubbling N 2 through it 20 min prior to and during observations. Animals were allowed a 10-min acclimatization period before being gently poked under the water to signify the beginning of the observation period. Total breathing time and the number of pneumostome openings were measured during a 30-min period. Breathing behavior observations were made before and after the following experimental procedures: cooling, submersion, and RPeD1 soma ablation. We then performed a group t test to statistically compare the measured parameters.
Blind Testing of Snails
All experiments were performed blindly. That is, the experimenter performing the MT had no knowledge of the snails' previous training (i.e., operant vs. yoked), whether the snails were submerged or cooled, whether RPeD1 or LPeD1 had been ablated or were sham operated and so forth. Only after all the results were tabulated did we know the outcome of the various experiments.
Definitions of Learning and Memory
We operationally defined associative learning and its memory for these studies in the following manner. We statistically compared the number of attempted pneumostome openings over the training and savings sessions with a multifactoral repeated measure analysis of variance (ANOVA), followed by either a post hoc Fisher's LSD t test or, when more appropriate, a Scheffé's comparison to show which sessions were significantly different (Glass & Hopkins, 1996) . Sessions consisted of cooled versus uncooled snails; submerged versus unsubmerged snails; RPeD1 ablated versus LPeD1 ablated; and, where applicable, operantly trained cohorts versus yoked-control cohorts. Thus we tested both between-group and within-group differences. For learning to have occurred, the number of attempted pneumostome openings had to have significantly decreased over the course of training such that the number of attempted openings had to be significantly fewer in the final training session compared with Session 1 (i.e., a within-group analysis).
Memory (i.e., "savings") was also operationally defined and was considered to be shown if (a) the number of attempted pneumostome openings in the savings-test session was not significantly different from the number of attempted pneumostome openings in the final training session or (b) the number of attempted openings in the savings-test session was significantly less than the number of attempted pneumostome openings in Session 1 (Spencer et al., 1999) .
We also had to perform a between-group comparison before we could accept that there was memory for associative learning. We compared the number of attempted pneumostome openings in the savings-test session of the operant training group with the number of attempted pneumostome openings in the savings-test session of the yoked-control snails. The number of attempted openings of the yoked-control snails had to be significantly greater than the number of attempted openings in the savingstest session of the operant group. In snails subjected to the operant-conditioning procedure, memory was present 2 days later but not 3 days later (memory test [MT] ). Snails subjected to the yoked control procedure did not demonstrate a reduction in the number of attempted pneumostome openings.
Appropriate between-group comparisons were also made when we compared the number of attempted pneumostome openings in the savings-test session between the cooled versus uncooled snails, submerged versus unsubmerged snails, and RPeD1 soma-ablated versus LPeD1 soma-ablated snails. Differences were considered to be significant at p Ͻ .05.
Results
Cooling, Submersion, and Soma Ablation Do Not Adversely Affect Breathing Behavior
In order to test the hypothesis that RI (i.e., new learning and its consolidation into memory produces conflicting associations) causes forgetting, we used three different procedures to either prevent new learning or to prevent any new learning from becoming consolidated into LTM. We first, however, showed that each of these procedures did not have adverse affects on aerial respiratory behavior.
We first showed that preventing aerial respiration in naive snails (n ϭ 15) for 7 days, paralleling the experiments for accessing memory retention, does not significantly alter subsequent aerial respiratory behavior. Aerial respiratory behavior (number of breaths and total breathing time) was therefore monitored before and after snails were submerged underneath a barrier for 7 days. The barrier prevented the snails from coming to the air-water interface to open their pneumostomes. We found that this submerging and preventing aerial respiration did not alter their subsequent aerial respiratory behavior (see Table 1 ). Thus, nonassociative factors such as habituation of the locomotor response, which would cause snails not to come to the surface (and therefore not to perform aerial respiration), were not elicited by maintaining snails under the barrier for 7 days.
We next made similar analyses of breathing behaviors before and after subjecting snails to 7 days of cooling at 4°C (n ϭ 10; see Table 1 ).We found that cooling for 7 days did not alter aerial respiratory behaviors. Thus cooling for 7 days did not alter the ability of snails to perform aerial respiratory behavior when tested after 1 hr at room temperature. (i.e., they were not "sluggish").
Finally, to demonstrate that the soma-ablation procedure does not adversely affect breathing behaviors, breathing assessments before and after soma ablation were also performed (see Table 1 ). Ablated snails were assessed 7 and 15 days postablation in order to parallel the experiments in which tests for memory retention were performed at the same time points. Neither the RPeD1-ablated (n ϭ 10) nor the LPeD1-ablated (n ϭ 7) snails showed significant changes in aerial respiratory behaviors across the three sessions. Although statistically there was no significant difference in total breathing time in the LPeD1 soma-ablated snails when we compared the three sessions (preablation, 7-, and 5-day postablation); these snails showed a trend toward performing more aerial respiration over the duration of the experiment. We conclude, therefore, that the procedures to be used to block RI do not have observable adverse affects on aerial respiratory behavior.
Associative Learning and LTM in Lymnaea
Animals (n ϭ 36) received either operant-conditioning (open bars) or yoked control training (solid bars; two 45-min training sessions, [TS1 and TS2] , with a 1-hr interval between the two training sessions; n ϭ 18). Then 2 or 3 days later (n ϭ 9 in each group) they received a MT session (see Figure 1) . We statistically determined whether learning and memory occurred through the use of a mixed design ANOVA (consisting of both within-and between-group factors). The ANOVA, F(35, 5) ϭ 89.382, p Ͻ .0001, showed that there was a significant effect. We first compared within-group responses and then between-group responses. Animals that received operant-conditioning training demonstrated LTM on Day 2 but not on Day 3. That is, the number of attempted pneumostome openings in MT Day 2 was significantly less than TS1 ( p Ͻ .01) and not significantly different than TS2 ( p Ͼ .05); whereas, the number of attempted pneumostome openings in MT Day 3 was significantly greater than TS2 ( p Ͻ .01) and was not significantly different than TS1 ( p Ͻ .01). Moreover, the number of attempted pneumostome openings in MT on Day 2 was significantly less than the number of openings in MT on Day 3 ( p Ͻ .01). Yoked-control animals did not exhibit LTM when tested on either Day 2 or Day 3. The number of attempted openings in the yoked control LTM test session on Day 2 was not significantly different than TS1 ( p Ͼ .05), nor was the number of attempted openings in the yoked control on Day 3 different from TS1 ( p Ͼ .05). In addition, the number of attempted openings in the two yoked-control sessions was not statistically different from each other ( p Ͼ .05). However, the number of attempted openings in yoked-control Day 2 test was statistically greater than the number of attempted openings in MT2 ( p Ͻ .01); whereas, the number of attempted openings in MT3 was not statistically different than the number in the yoked-control snails tested on Day 3 ( p Ͼ .05). We thus concluded that the operant-conditioning training procedure used here resulted in associative learning and LTM that persisted for 2 but not for 3 days. These data are similar to results previously obtained (e.g., Lukowiak et al., 2003) .
Submersion Impairs Forgetting
If our notion that RI causes forgetting because the new associations conflict with the established memory was correct, then preventing such new learning should have prevented forgetting. To prevent new, conflicting learning we had to prevent aerial respiratory behavior from occurring. That is, if the snails could not perform the behavior they could not learn a new, conflicting association. Previously we showed that maintaining snails under a barrier for 3 days extended the persistence of memory. Here, we prevented snails from performing aerial respiration for 7 days to determine whether the LTM produced by the training procedure shown in Figure 1 would persist for 7 days. The results from this experiment are shown in Figure 2 .
A cohort of naive snails (n ϭ 28; Figure 2 ) was operantly conditioned with the training procedure consisting of two 45-min sessions separated by a 1-hr interval. Immediately following the last training session, the snails were randomly divided into two groups. One group (n ϭ 14) was placed below the barrier, whereas the other group (n ϭ 14) was placed in the same eumoxic aquarium but above the barrier. We then tested (blindly) these snails for memory (i.e., MT) 7 days after TS2. The ANOVA, F(27, 5) ϭ 48.584, p Ͻ .0001, showed that there was a significant effect. We then performed both within-and between-group post hoc statistical analyses to determine which sessions were or were not significantly different from each other. The cohort of 28 snails demonstrated learning. That is, the number of attempted pneumostome openings in TS2 was significantly less than the number of at-tempted openings in TS1 ( p Ͻ .01). The snails (n ϭ 14) that were maintained above the barrier did not exhibit LTM. That is, in these snails the number of attempted openings in MT was significantly greater ( p Ͼ .05) than TS2 and was not significantly different than TS1 ( p Ͻ .01). However, the snails maintained below the barrier did exhibit LTM as the number of attempted openings in MT was not significantly different from TS2 ( p Ͼ .05) and was significantly less than TS1 ( p Ͻ .01). When we made between-group comparisons, we found that the number of attempted openings in MT of the control snails (i.e., above barrier snails) was significantly greater than the number of attempted openings in snails maintained below the barrier ( p Ͻ .01). As a further control to show that preventing aerial respiration for 7 days after operantconditioning training did not result in abnormal activity, we changed the context 1 hr after MT in both groups (i.e., CC session). As can be seen, the snails responded as if they were naive. That is, there was no significant difference between the CC session in both groups and TS1 (both ps Ͼ .05). Notice that the number of attempted openings in CC was significantly greater than MT for the snails maintained below the barrier ( p Ͻ .01), but it was not significantly different than MT for the snails maintained above the barrier ( p Ͼ .05). Finally, there was not a statistical difference in the number of openings in CC between the snails maintained below and above the barrier ( p Ͼ .05). Thus we concluded that preventing aerial respiratory behavior for 7 days extends the persistence of LTM (i.e., impairs forgetting).
Cooling Impairs Forgetting
Our second strategy for testing whether RI causes forgetting was to prevent the formation of any new conflicting memory. We have previously shown that cooling immediately after training prevents memory formation (Sangha, Morrow, Smyth, Cooke, & Lukowiak, 2003) . We therefore reasoned that prolonged cooling would impair new memory formation. Thirty naive snails received LTM training and then were randomly divided into two groups 1 hr after TS2. One group (n ϭ 15; Figure 3 ) was placed into 4°C pond water and was maintained at this temperature for 7 days, whereas the other group (n ϭ 15) were maintained at room temperature in their home aquaria. After 7 days both groups were tested (blindly) for the presence of memory. The ANOVA, F(29, 5) ϭ 54.963, p Ͻ .0001, showed that there was a significant effect. We then performed both within-and between-group post hoc statistical tests to determine which sessions were significantly different from each other. The naive cohort of 30 snails demonstrated learning. That is, the number of attempted pneumostome openings in TS2 was significantly less than the number of attempted openings in TS1 ( p Ͻ .01). The snails (n ϭ 15) that were maintained at room Figure 2 . Submersion impedes forgetting. Snails (n ϭ 28) received the operant-conditioning procedure shown in Figure 1 . Immediately (within 30 s) after Training Session 2 (TS2), the snails were randomly divided into two equal groups. One cohort was placed below a barrier and thus used only cutaneous respiration, whereas the other cohort was placed above the barrier in a eumoxic aquarium. Seven days later, both cohorts were blindly tested for long-term memory (LTM; memory test [MT] ). The snails that were housed below the barrier and thus prevented from performing aerial respiratory behavior exhibited LTM, whereas the snails that were able to perform aerial respiratory behavior did not exhibit LTM. Both cohorts also received a change of context (CC) challenge. In the snails maintained below the barrier, there were a significantly greater number of attempted pneumostome openings in CC than in MT; whereas in the cohort maintained above the barrier, there was no significant difference between CC and MT. Thus, preventing snails from performing aerial respiratory behavior impeded forgetting. temperature did not exhibit LTM. That is, in these snails the number of attempted openings in MT was significantly greater ( p Ͼ .05) than TS2 and was not significantly different than TS1 ( p Ͻ .01). However, the snails maintained at 4°C did exhibit LTM. The number of attempted openings in MT was not significantly different from TS2 ( p Ͼ .05) but was significantly less than TS1 ( p Ͻ .01). We also performed between-group comparisons. The number of attempted openings in MT of the control snails (i.e., maintained at room temperature) was significantly greater than the number of attempted openings in snails maintained at 4°C ( p Ͻ .01). As a further control to show that cooling snails for 7 days did not alter respiratory activity, we changed the context 1 hr after MT in both groups (i.e., CC session). As can be seen, the snails responded as if they were naive. That is, there was no significant difference between the CC session in both groups and TS1 ( p Ͼ .05 for each). The number of openings in CC, however, of the cooled group was significantly greater than the number in MT ( p Ͻ .01); whereas, in the room temperature group there was no statistical difference between CC and MT. Finally, the number of attempted openings in CC of both groups was similar ( p Ͼ .05). We conclude that forgetting can be delayed by cooling snails to 4°C.
Ablation of the RPeD1 Somata But Not the LPeD1 Somata Prevents Forgetting
We have also previously shown that ablation of the RPeD1 somata before operant-conditioning training results in snails that have the capability of (a) performing aerial respiration, (b) associative learning, and (c) intermediate term memory (up to 3-hr duration, dependent only on new protein synthesis). However, these snails are incapable of forming LTM ). Thus we reasoned that if we ablated the RPeD1 somata of snails after they have formed LTM that they would be incompetent to form new memory and thus there could not be RI.
A cohort of snails (n ϭ 32; Figure 4 ) received the same training procedure as used in the previous experiments. Following TS2 the snails were randomly assigned to one of three groups: (a) RPeD1 soma-ablation group (n ϭ 10; Figure 4A ), (b) LPeD1 somaablation group (n ϭ 9; Figure 4B ), and (c) an unoperated group (n ϭ 13; Figure 4C ). One hour after TS2, to allow for consolidation , the somata of either RPeD1 or LPeD1 was ablated (downward arrow). The third cohort did not receive any ablation procedure (nonablated control, n ϭ 13; Figure 4C ). Following ablation or no operation all snails were returned to their home aquaria. All the snails were observed to be capable of performing aerial respiration. Snails were then "blindly" assessed for memory 7 days later. The ANOVA, F(31,20 ϭ 43.738, p Ͻ .001, showed that there was a significant effect and we therefore proceeded to make the appropriate withinand between-group comparisons. The within-group analyses showed the following: (a) In the LPeD1-ablated and unoperated groups LTM was not present on Day 7. That is, in both groups MT was not significantly different from TS1 ( p Ͼ .05 for both groups) and was significantly greater than TS2 (both ps Ͻ .01); (b) it is important to note that in the RPeD1 group LTM was present. That is, the number of attempted openings in MT was not significantly different than TS2 ( p Ͼ .05) but was significantly different than TS1 ( p Ͻ .01); (c) between-group comparisons showed that the number of attempted openings in MT of the RPeD1 soma-ablated snails was significantly less than in either the LPeD1 or unoperated cohorts (both ps Ͻ .01), whereas there was no difference in the number of attempted openings between the LPeD1 and unoperated control groups. Thus, LTM appeared to be present in the RPeD1 soma-ablated snails but not in the two control groups.
To further ensure that the RPeD1-ablated animals were not adversely affected by the ablation procedure, causing a decrease in pneumostome openings not related to memory, a change of context test was used. The RPeD1-ablated snails recognized this as a different context than the one in which they were trained and thus showed an increase in pneumostome openings when exposed to this context. That is, there were a significantly greater number of attempted openings in Change-of-Context Session 1 (CC1) than in MT ( p Ͻ .01). To show that these RPeD1-ablated snails were still capable of new learning we gave them Change-of-Context Session Figure 3 . Cooling to 4°C prevents forgetting. After receiving operant conditioning, 1 hr after Training Session 2 (TS2), the snails (n ϭ 30) were randomly divided into two equal cohorts. One cohort was placed into 4°C pond water for 7 days, whereas the other cohort was maintained at room temperature for the same period of time. The snails were then blindly tested for long-term memory (LTM) 7 days later (memory test [MT] ). All snails were tested for LTM at room temperature. LTM was present in the snails maintained at 4°C for the 7 days; whereas in the snails maintained for 7 days at room temperature, LTM was not observed. In both cohorts, 1 hr following MT the snails were challenged with a change of context (CC) test session. In the snails maintained at 4°C there were significantly more attempted pneumostome openings in CC than in MT; whereas, in the snails maintained at room temperature, CC and MT were not statistically different.
2 (CC2) in the carrot context 1 hr later. Learning was demonstrated. That is, the number of attempted pneumostome openings in carrot CC2 was significantly less than in carrot CC1 ( p Ͻ .01). However, when we tested for LTM 24 hr later (CC MT), memory was not observed. The number of attempted pneumostome openings in CC MT was significantly greater than in CC2 ( p Ͻ .01) and was not significantly different than carrot CC1 ( p Ͼ .05). Thus these snails are now incapable of forming new LTM. We then tested for LTM in the original context 15 days after TS2 (MT2). LTM was still present. That is, the number of attempted pneumostome openings in MT2 was significantly less than TS1 ( p Ͻ .01) but was not significantly different than TS2 ( p Ͼ .05).
We also determined what happens to the LPeD1-ablated and nonablated snails with a change of context test and operant conditioning in the new context. In both groups, the number of attempted pneumostome openings in CC1 was statistically the same as for the MT and TS1 (both ps Ͼ .05). With further operant-conditioning training in the carrot context, snails in both control groups showed learning and LTM. That is, CC2 in both groups was statistically smaller than carrot CC1 (both ps Ͻ .01), and CC MT was statistically similar to CC2 (both ps Ͼ .05) but was statistically different from CC1 (both ps Ͻ .01). These results in carrot replicate previous findings that LPeD1-ablated animals are capable of forming new long-term memories, whereas RPeD1-ablated animals are not . In both control groups, a MT for the "original memory" (MT2) was also performed 15 days later. Neither, LPeD1-ablated nor nonablated snails showed memory. . Right Pedal Dorsal 1 (RPeD1) soma ablation prevents forgetting. A: After receiving operant conditioning, 1 hr after Training Session 2 (TS2), the snails' RPeD1 soma was ablated (n ϭ 10; downward arrow). We tested for long-term memory (LTM) 7 days later (Memory Test 1 [MT1]) and found LTM to be present. To demonstrate that these snails were still capable of performing aerial respiration, they were challenged with Change of Context Session 1 (CC1) and then Change of Context Session 2 (CC2). The number of attempted openings in CC1 was significantly larger than in MT1. These RPeD1 soma-ablated snails were able to learn in the new context as evidenced by the reduction in pneumostome openings between CC1 and CC2; however, they did not show LTM for the carrot context memory test (CC MT) 1 day later. Finally, these snails were once again challenged with a memory test (MT2) 15 days later, and LTM for the original context was still present. B: The same procedure as in Panel A was used, but the snails' Left Pedal Dorsal 1 (LPeD1) soma was ablated (n ϭ 9; downward arrow). Snails did not exhibit LTM at MT1 or MT2. However, both learning (CC1 and CC2) and LTM (CC MT) were observed for the carrot context. C: The same training procedure as in Panels A and B were used, but no ablation procedure was performed (n ϭ 13). Results were the same as those in Panel B.
We then performed further between-group statistical analyses. In the RPeD1 soma-ablated cohort the number of attempted openings in CC1 and CC2 were not significantly different than CC1 and CC2 in either control group (both ps Ͼ .05). However, the number of attempted openings in CC MT in the RPeD1 soma-ablated snails was significantly greater than the number in the CC MT of either control group (both ps Ͻ .01). Finally, in the RPeD1 soma-ablated cohort the number of attempted pneumostome openings in the MT2 was significantly smaller than in MT2 in either control group (both ps Ͻ .01). Thus, we were able to impair the forgetting of a memory that typically lasts 2 days by ablating the soma of RPeD1, thereby extending the memory to at least 15 days.
Discussion
A number of different factors (e.g., emotional state) have been found to affect the process of forgetting (i.e., the duration of memory; Schacter, 2001) . Such factors can occur either before or after the memory consolidation process and can either increase or decrease the duration of the memory. Most often the focus has been on how differences in the training procedures (e.g., massed vs. spaced training) or the "state" of the subject before memory consolidation enhance or retard memory persistence (Reed, 2000) . Here we have focused on actions that occur after memory consolidation of a nondeclarative memory and show that if new learning of conflicting associations or its consolidation into memory are prevented, then forgetting is impeded. These data are all consistent with the hypothesis that forgetting is the result of RI.
Our working hypothesis is that forgetting of the conditioned behavior (i.e., suppression of aerial respiratory behavior) is the result of conflicting associations due to the learning and forming memory anew of unreinforced aerial respiratory behavior that occurs into the snails' home, eumoxic aquaria between the training and the MT session. This learning and remembering anew interferes with the original memory that resulted from the operantconditioning procedure. Thus, we predicted that procedures that either prevent new learning or prevent the formation of new memory of conflicting associations would impede the process of forgetting. We therefore trained snails and allowed them to form a memory that persists for a known duration. We then prevented new learning from occurring (i.e., the submersion experiments) or, if it did occur, prevented new memory formation (i.e., the cooling or RPeD1 soma-ablation experiments). We then determined whether memory was extended (i.e., forgetting impaired). In each case we "blindly" compared those results with results from control experiments in which the specific procedure to prevent new learning or its incorporation into memory was not carried out. In all cases we found a significant effect of preventing new learning or new memory formation; that is, the process of forgetting was perturbed. It is not entirely clear whether the new memory that is formed as a result of unreinforced respiratory behavior is equivalent to the memory formed following a behavioral extinction procedure (e.g., Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) . This is discussed further below. However, with extinction there is typically spontaneous recovery of the "original" memory, and this phenomenon was not observed in our experiments.
We prevented new learning of a conflicting association from occurring by preventing snails from performing aerial respiration. Previously we had shown that we could extend memory by an additional day with this procedure ). Here we show through the use of this method that it is possible to extend memory by at least 7 days. Snails were trained and then randomly divided into two groups. Those that were prevented from performing aerial respiration exhibited memory when tested 8 days later, whereas those treated normally did not exhibit memory at this time. Because the only difference between the two groups was the ability to perform aerial respiration, these data are fully consistent with the hypothesis that RI is a major factor in causing forgetting. If forgetting is simply the result of the memory decaying passively with time, submerging snails should not alter this decay. Because these submerged snails behaved as naive snails when subjected to a different context test, the finding that they did not perform aerial respiration was an indication of memory. Further, we showed that submerging naive snails for a similar period of time in eumoxic pond water did not alter the expression of aerial respiration. Thus we concludedthat the prevention of new learning of a conflicting behavior results in the prevention of forgetting of a trained behavior. These data parallel the much earlier findings of Jenkins and Dallenbach (1924) and Minami and Dallenbach (1946) , who showed that in humans with sleep (i.e., lack of new interfering associations) or in insects with rest memory was significantly enhanced compared with wakefulness in humans or increased activity in insects. It is of course possible that preventing snails from performing aerial respiration by placing them under the barrier results, for example, in nonassociative habituation of the locomotor response to the surface that has to occur if the snails are to perform aerial respiration. Changing the context might then be seen to dishabituate the snails. Although we cannot completely rule out this possibility, we do not believe this is the likely explanation for our results. Trained snails and snails exhibiting memory tend to congregate at the surface and, as was pointed out (Lukowiak et al., 1996) , become "sneaky" in how they attempt to open their pneumostome. Thus, if the locomotor response were habituated they should not come to the surface. Moreover, when the snails that had been maintained under the barrier were tested for memory, they did aggregate at the surface; and when they attempted to open their pneumostomes did so in a "sneaky" manner (i.e., they rotated their shell in such a manner as to make it more difficult for the experimenter to apply the tactile stimulus). Finally, the results of the control experiments (see Table 1 ) demonstrate that if such a habituation process does occur in naive snails, it does not alter aerial respiratory behavior.
Our second strategy to test the hypothesis of RI was to prevent any new conflicting learning from being consolidated into memory. We first chose the noninvasive and reversible method of cooling. If cooling is applied immediately (within 30 s) after operant-conditioning training in Lymnaea, it blocks memory consolidation (McComb et al., 2002) . We reasoned that continuous cooling would prevent any new learning from being consolidated into memory, and if there was no new memory of a conflicting association there would be no forgetting. Alternatively, snails maintained at 4°C performed aerial respiration less often, and thus it is possible that there is little learning of a new conflicting association. In either case, continuous cooling prevented forgetting. The results of the control experiments demonstrated that cooling for 7 days did not alter aerial respiratory behavior nor did it alter the capability of snails to respond to the change of context test. If forgetting was simply the result of the memory decaying passively with time, the application of cooling should not affect the duration of the memory. Although some might argue that we were only observing decreased activity following prolonged cooling which would give us a behavioral phenotype resembling memory, we believe this is not the case. We found that maintaining naive snails for a similar period of time at 4°C did not alter their breathing behavior. That is, total breathing time was not different before cooling or 1 hr after being removed from the 4°C beaker. Thus, on rewarming to room temperature there appeared to be no deleterious effects of being maintained in the cold. Snails maintained at 4°C did continue to perform aerial respiration, though at a reduced rate. However, the amount of dissolved 0 2 in 4°C pond water is higher than it is at room temperature (ϳ20°C), so that in addition to a presumed lower metabolic rate at 4°C there is also less drive to perform aerial respiration as a result of an increased amount of O 2 available for cutaneous respiration.
Our finding that snails whose RPeD1 somata were ablated after learning and memory consolidation did not forget shows more directly that blocking the establishment of new LTM of a conflicting association impedes forgetting. To our knowledge, this is the first demonstration of the necessity of a single neuron for forgetting. Our experimental rationale was as follows: LTM of a RPeD1-dependent behavior (e.g., aerial respiration) requires both altered gene activity and new protein synthesis, therefore RPeD1 somaablated snails are incapable of forming new LTM, thus RPeD1 soma-ablated snails will be unable to form LTM for a conflicting association, and therefore forgetting will be prevented. Our experimental data show exactly that.
If we first examine the results from the control snails (see Figure  4 ) we see that LPeD1-soma-ablated and unoperated snails do not exhibit LTM when tested 7 days after TS2. However, both cohorts are capable of learning and forming LTM of a new association (i.e., operant conditioning in the carrot context). These data also suggest that the trend toward more aerial respiratory behavior in the LPeD1 soma-ablated snails (see Table 1 ) did not alter the ability of these snails to learn and form memory for suppressing aerial respiratory behavior. Moreover, this new learning and LTM in CC does not generalize to LTM for the original association (i.e., LTM not present at the 15-day MT session). When we examine the data from the RPeD1 soma-ablated snails (see Figure 4) , we observe a different outcome. When tested 7 days after TS2, LTM is present, where as in the two control cohorts it was not. It could be argued that this is not memory but rather an inability of these snails to perform aerial respiration because of damage to RPeD1. However, these snails are still capable of performing aerial respiration when challenged with carrot context. Notice also that these RPeD1-ablated snails still have the ability for new learning but not new LTM in the carrot context CC. Thus, if RPeD1 soma ablation (after LTM formation) had an effect on locomotion or resulted in some sort of nonassociative effect, snails challenged with CC should also show a behavioral phenotype resembling memory. Clearly they do not. Finally, LTM for the original associative learning is still present when tested 15 days later. We concluded that LTM is still present because these snails are incapable of forming new LTM of a conflicting association. Because a memory of a conflicting association cannot be formed, RI does not occur and thus forgetting is impeded.
Because nondeclarative memories are stored within the network that mediates the behavior (Milner et al., 1998) , it is not surprising that forgetting of a nondeclarative memory also occurs within the same network. As shown above, aerial respiratory behavior, new learning, and new memory formation of a conflicting associations must occur in order for the snail to forget. However, it appears that it is not learning per se that causes forgetting; rather it is the establishment of a new LTM for the conflicting association that is a necessary step for forgetting. Forgetting then has to be viewed as an active process as it requires altered gene activity and new protein synthesis. Previously we had shown that the soma of RPeD1 was necessary for both reconsolidation of memory and for extinction (Sangha, Sheibenstock, & Lukowiak, 2003; Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) . It was therefore not surprising to us that the RPeD1 soma was also required for forgetting.
The RPeD1 soma-ablated data also confirm the previous finding that the soma of RPeD1 is not required to access the memory. Memory must therefore be "stored" in the remaining functional neurite of RPeD1, or it is distributed across multiple cells within the aerial respiratory network. Thus, the somata of one neuron play a crucial role in the following related behavioral phenomena: the induction of consolidation , reconsolidation , extinction (Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) , and forgetting. We know that blocking RNA synthesis in the snail prevents the formation of LTM (Sangha, Scheibenstock, McComb, & Lukowiak, 2003) , as does RPeD1 soma ablation . Extinction, which is new learning and memory that occludes the "original memory" and thus is not "unlearning," also requires the RPeD1 somata and RNA synthesis (Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) . Hence, we speculate that forgetting is caused by similar active molecular processes within the somata of RPeD1 to result in a behavioral state resembling the naive (i.e., prelearning) state. If this active process is interfered with, forgetting does not ensue.
Having demonstrated that the prevention of new learning of a conflicting association and/or its incorporation into memory impedes forgetting the question arises: What is the conflicting association that is a necessary step in the forgetting process in our model system? We hypothesize that the conflicting association is the occurrence of unreinforced aerial respiratory behavior that happens when the snails are placed back into their home aquaria between the training and the MT session. We have previously demonstrated that the memory for suppression of aerial respiration can be extinguished (McComb et al., 2002) and that extinction does not occur following RPeD1 soma ablation (Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) . Because the phenomenon of spontaneous recovery was also demonstrated, we concluded that extinction did not cause the annihilation of memory but only occluded the original memory. It must be emphasized, however, that in our previous studies dealing with extinction (McComb et al., 2002; Sangha, Scheibenstock, Morrow, & Lukowiak, 2003) snails were subjected to the same number and timing of extinction sessions (in hypoxia) as the number of training sessions in hypoxia. Fewer extinction sessions did not produce extinction. However as noted above, we also did not observe spontaneous recovery in the experiments performed here. That is, the original memory did not come back. Because in our previous studies extinction did not cause the annihilation of memory but only temporally occluded it, we are possibly dealing with a different phenomenon here. We speculate, however, that forgetting in our example may be caused by similar active molecular processes as are necessary for extinction within the somata of RPeD1 to result in a behavioral state resembling the naive (i.e., prelearning) state. If this active process is interfered with, forgetting does not ensue. To better test the hypothesis of RI as a causal mechanism of forgetting without having to concern ourselves with behavioral extinction, it might be preferable to use a different training procedure to produce new learning and memory. Rather than causing pneumostome closure by using a tactile stimulus to the pneumostome, we have elicited pneumostome closure by casting a shadow over the pneumostome whenever the snail attempted to perform aerial respiratory behavior. The shadow caused the pneumostome to close, and pilot experiments have shown that snails can be operantly conditioned through the use of this procedure. In future experiments, we will test whether learning this new but similar behavior will cause forgetting of the memory encoded following training with the tactile stimulus. We would also like to be able to inhibit protein synthesis in only RPeD1 and to determine whether forgetting is blocked. The development of an in vitro preparation exhibiting LTM may allow us this possibility. Forgetting of the nondeclarative memory in our model system is therefore actually the relearning of a conflicting association rather than unlearning, and the resulting new memory, like any other LTM, most undergo protein synthesis-that is, dependent consolidation in RPeD1.
